Introduction {#S0001}
============

The intestinal microbiome, a complex community, metabolizes food components that are not digested by the host, and supplies nutrients, including vitamins and essential amino acids, that are not synthesised by the host.^[1](#CIT0001)--[3](#CIT0003)^ In addition to nutrients, intestinal bacteria produce biologically active substances such as short-chain fatty acids, secondary bile acids, and trimethylamine.^[4](#CIT0004)--[6](#CIT0006)^ Consequently, intestinal luminal metabolites produced by the intestinal microbiome are associated with the health of the host, and affect immune homeostasis,^[7](#CIT0007)^ as well as the development of obesity,^[8](#CIT0008)^ cardiovascular disease,^[5](#CIT0005)^ autism spectrum disorder,^[9](#CIT0009)^ and cancer.^[10](#CIT0010)^ Indeed, the new germ theory states that commensal bacteria provide a core set of genes or biological functions.^[11](#CIT0011)^ Notably, metagenomic analysis has revealed few differences in the functional gene composition of the microbiome, despite extensive differences in species diversity.^[12](#CIT0012)^ Today, the intestinal microbiome is considered an important component of the digestive system, and is believed to possess metabolic functions.10.1080/19490976.2018.1494466-F0001Figure 1.**Polyamines and intermediates in faecal cultures** Time course of (**a**) arginine, citrulline, ornithine, agmatine, putrescine and spermidine, as measured by UPLC, and (b) pH of faecal cultures supplemented with 1 mM arginine (red) or PBS (blue) (**c**) Ratio of total citrulline, ornithine, and putrescine to the molar concentration of arginine at 0 h; error bars indicate standard error (n = 7); \*, *p* \< 0.05; \*\*, *p* \< 0.01 compared with PBS by two-way analysis of variance without replication, followed by post-hoc Bonferroni multiple comparison test (**a, b**).10.1080/19490976.2018.1494466-F0002Figure 2.**Isotope-labelled putrescine in faecal cultures** Time course of (**a**) putrescine concentrations and (**b**) ratios of isotope-labelled putrescine in faecal cultures supplemented with isotope-labelled arginine (n = 3), as measured by GC-MS.10.1080/19490976.2018.1494466-F0003Figure 3.**Putrescine collective biosynthetic pathway** Proposed putrescine collective biosynthetic pathway via (a) ornithine or (b) agmatine in the intestinal microbiome; ADI, arginine deiminase; ADC, arginine decarboxylase; AgDI, agmatine deiminase; OTC, ornithine carbamoyltransferase; ODC, ornithine decarboxylase; CK, carbamate kinase; PTC, putrescine carbamoyltransferase; NCP, N-carbamoyl putrescine amidase; AdoMetDC, S-adenosylmethionine carboxy-lyase; SPDS, spermidine synthase; AUH, agmatine ureohydrolase; ASS, argininosuccinate synthetase; ASL, argininosuccinate lyase; Carbamoyl-P, carbamoylputrescine; Arg-Suc, argininosuccinate; AdoMet, S-adenosylmethionine; dcAdoMet, S-adenosylmethioninamine; MTA, 5'-methylthioadenosine. Red and blue circles represent ^13^C and ^15^N. Red arrows indicate the linear pathway from isotope-labelled arginine (M + 10), black arrows indicate the pathway from isotope-labelled arginine (not M + 10), and the green arrows indicate reverse pathways. Dashed lines show the putative pathway.10.1080/19490976.2018.1494466-F0004Figure 4.**Putrescine production from exogenous intermediates** Production of putrescine in faecal cultures supplemented with 1 mM citrulline (Cit), ornithine (Orn), and agmatine (Agm) (n = 7), as measured by UPLC; error bars represent standard error; \*, *p *\< 0.05; \*\*, *p *\< 0.01 by Student's *t*-test versus control.

Polyamines, which include putrescine, spermidine, and spermine, are low-molecular-weight organic cations required for structural stability of DNA and RNA, protein synthesis, cell growth, and differentiation.^[13](#CIT0013)^ Accordingly, polyamines have multiple physiological roles. For example, polyamines suppress inflammation by inhibiting inflammatory cytokine synthesis in macrophages,^[14](#CIT0014)^ exert antimutagenic effects,^[15](#CIT0015),[16](#CIT0016)^ and inhibit aberrant gene methylation.^[17](#CIT0017)^ In intestinal epithelial cells, polyamines play a role in occludin protein synthesis and stability,^[18](#CIT0018)^ regulate E-cadherin transcription,^[19](#CIT0019)^ regulate apoptosis,^[20](#CIT0020)^ and increase cell proliferation.^[21](#CIT0021)^ Furthermore, spermidine enhances longevity in bacteria, yeast, worms, and flies by promoting autophagy.^[22](#CIT0022)^ In mammals, the abundance of polyamines in the body decreases with age,^[23](#CIT0023),[24](#CIT0024)^ and the concentration of intestinal luminal polyamines is lower in the elderly.^[25](#CIT0025)^ Most dietary polyamines are absorbed in the small intestine.^[26](#CIT0026)^ In contrast, putrescine and spermidine are produced by intestinal bacteria in the colon.^[27](#CIT0027)^ Recently, Kibe *et al*.^[28](#CIT0028)^ demonstrated that administration of arginine, a polyamine precursor, results in a dose-dependent increase in putrescine concentration in the rat and mouse colonic lumen and that increasing polyamine abundance in the mouse colonic lumen delays senescence. Therefore, intestinal bacteria are considered an important source of polyamines in the lower intestinal tract.

By *in silico* screening for orthologues, Burrell et al. revealed that arginine decarboxylation is the dominant pathway for polyamine biosynthesis in the 55 most abundant species in the human intestinal microbiome.^[29](#CIT0029)^ However, 20 of these species cannot produce putrescine on their own because their biosynthesis pathways are incomplete, although each species harbours some components of putrescine biosynthesis genes. Hence, we speculate that these species acquire the required biosynthetic intermediates from other species, *i.e*. the intestinal microbiome synthesises putrescine from arginine via an extracellular intermediate by a collective biosynthetic pathway. However, these pathways have not been characterised to date.

The purpose of this study was to investigate the production of putrescine by the collective metabolic functions of the intestinal microbiome as a community. Using capillary electrophoresis-time of flight mass spectrometry (CE-TOF MS) and gas chromatography (GC-MS), we analysed extracellular polyamines and polyamine intermediates in faecal cultures grown in the presence of isotope-labelled arginine, as well as in colonic contents of rats injected with isotope-labelled arginine via a catheter.

Results {#S0002}
=======

Putrescine and its intermediates in faecal cultures supplemented with arginine {#S0002-S2001}
------------------------------------------------------------------------------

First, we investigated the time course of the change in the concentrations of arginine, putrescine, and spermidine and the biosynthetic intermediates, ornithine, citrulline and agmatine in the supernatant of faecal cultures supplemented with arginine. Arginine was rapidly consumed in faecal cultures, and almost depleted after 2 h ([Fig. 1a](#F0001)). Accordingly, the concentrations of the intermediates citrulline and ornithine increased and decreased rapidly, with peak concentrations at 2 h ([Fig. 1a](#F0001)). However, the concentration of agmatine was comparable between cultures supplemented with or without arginine ([Fig. 1a](#F0001)). Putrescine also accumulated rapidly between 2 h and 6 h, and stabilised by 12 h ([Fig. 1a](#F0001)). In contrast, spermidine levels decreased with time ([Fig. 1a](#F0001)). The pH of culture medium with or without arginine decreased over time ([Fig. 1b](#F0001)). [Fig. 1c](#F0001) shows the total molar concentrations of citrulline, ornithine, and putrescine in cultures supplemented with arginine, calculated as a percentage of the molar concentration of arginine at 0 h. The proportion of the total molar concentration of citrulline, ornithine, and putrescine relative to that of arginine was 84.0% at 2 h and 78.1% at 4 h.

Isotope-labelled putrescine in faecal cultures supplemented with isotope-labelled arginine {#S0002-S2002}
------------------------------------------------------------------------------------------

We investigated the putrescine concentration and isotope ratio in faecal cultures supplemented with isotope-labelled L-arginine −^13^C~6~,^15^N~4~ (M + 10) using GC-MS to ascertain whether arginine was converted to putrescine. GC-MS analysis revealed the putrescine concentration in faecal cultures increased rapidly between 2 and 6 h when supplemented with isotope-labelled arginine ([Fig. 2a](#F0002)). Additionally, isotope-labelled putrescine (M + 6) synthesised via a linear pathway from isotope-labelled arginine (M + 10) was detected in all faecal cultures from three individual rats ([Fig. 2b](#F0002)). The proportion putrescine (M + 6) relative to total putrescine at 2, 4, 6, and 12 h was 72.9%, 70.6%, 65.2%, and 57.3%, respectively ([Fig. 2b](#F0002)). Interestingly, putrescine (M + 5) not synthesised via a linear pathway from isotope-labelled arginine (M + 10) was also detected in all three cultures ([Fig. 2b](#F0002)). Isotope-labelled spermidine and spermine were not detected (data not shown).

Isotope-labelled metabolites in colonic contents {#S0002-S2003}
------------------------------------------------

To investigate whether the metabolism observed in faecal cultures also occurs in the intestinal lumen of the host, we performed a targeted metabolomic analysis of rat colonic contents injected with isotope-labelled arginine via a colon catheter. The colonic contents of rats were collected 6 h post-injection and the metabolites were extracted with phosphate-buffered saline (PBS). Subsequently, the target metabolites listed in Table S1 were analysed using CE-TOF MS.

The isotope-labelled metabolites detected in rat colonic contents are listed in [Table 1](#T0001). Isotope-labelled putrescine (M + 6) was detected in all rats injected with isotope-labelled arginine (M + 10). The average proportion of labelled putrescine (M + 6) relative to total putrescine was 22.7%. Putrescine (M + 5) not produced via linear pathway from isotope-labelled arginine (M + 10) was detected in two of three rats. Spermidine (M + 6) derived from putrescine (M + 6) was detected in all rats at an average proportion of 2.0% of the total spermidine. Isotope-labelled amino acids were also detected. Arginine (M + 7, M + 9, and M + 10), ornithine (M + 5, M + 6, and M + 7), and citrulline (M + 7 and M + 9) were detected in all rats, whereas agmatine (M + 6 and M + 9), citrulline (M + 6 and M + 8), and glutamic acid (M + 5) were detected in only one of three rats. The collective metabolic pathway speculated from these data is shown in [Fig. 3a](#F0003), b. Citrulline (M + 9), ornithine (M + 7), and agmatine (M + 9) are intermediates of putrescine synthesis via a linear pathway from isotope-labelled arginine (M + 10) (Fig. 3a, b, red arrows). Arginine (M + 7 and M + 9), ornithine (M + 5 and M + 6), citrulline (M + 6, M + 7 and M + 8), and agmatine (M + 6) are not produced by the forward linear pathways of arginine deiminase, ornithine decarboxylase, and arginine decarboxylase. These metabolites were produced via a reverse pathway ([Fig. 3a](#F0003), green arrows). For the other 45 metabolites, the isotope ratio was not remarkably higher than natural levels (Table S2).10.1080/19490976.2018.1494466-T0001Table 1.Isotope-labeld metabolites in rat colonic content.**Relative area (%)** Arginine Ornithine Citrulline Agmatine M+87.8±0.94(3/3)73.8±2.88(3/3)84.3±1.24(3/3)96.3±6.36(3/3)M + 16.30±0.26(3/3)5.62±0.35(3/3)6.33±0.19(3/3)1.82(1/3)M + 20.62±0.04(3/3) ND0.89±0.45(2/3) NDM + 3 ND ND ND NDM + 4 ND ND ND NDM + 5 ND0.55±0.01(3/3) ND NDM + 6 ND3.93±0.29(3/3)0.32(1/3)0.65(1/3)M + 71.24±0.25(3/3)16.1±3.00(3/3)3.81±0.15(3/3) NDM + 8 ND ND0.33(1/3) NDM + 90.59±0.10(3/3) ND4.04±0.75(3/3)1.24(1/3)M + 103.45±0.66(3/3) ND ND NDConcentration (µM) Arginine Ornithine Citrulline Agmatine  475±219 777±247 529±238 NC Relative area (%) Putrescine Spermidine Spermine Glutamic acid M+67.6±9.64(3/3)90.4±0.53(3/3)100±0(3/3)93.6±0.39(3/3)M + 16.18±0.64(3/3)7.62±0.21(3/3) ND5.53±0.31(3/3)M + 2 ND ND ND0.85±0.05(3/3)M + 3 ND ND ND NDM + 4 ND ND ND NDM + 53.50±1.78(3/2) ND ND0.03(1/3)M + 622.7±8.83(3/3)1.99±0.45(3/3) ND NDConcentration (µM) Putrescine Spermidine Spermine Glutamic acid  160±62.8 307±26.4 17.5±5.35 5204±1020 [^1]

Putrescine production from extracellular ornithine, citrulline, and agmatine {#S0002-S2004}
----------------------------------------------------------------------------

The isotope was incorporated *in vivo* into the metabolic intermediates ornithine, citrulline and agmatine, and ornithine and citrulline levels increased early in faecal cultures; accordingly, we investigated putrescine production in faecal cultures supplemented with these intermediates. We found that exogenous ornithine, citrulline, or agmatine significantly increased putrescine production (*p *\< 0.05, [Fig. 4](#F0004)), confirming that the intestinal microbiome produces putrescine from arginine via shared extracellular intermediates.

Composition of intestinal bacteria and presence of enzymes that catalyse polyamine synthesis {#S0002-S2005}
--------------------------------------------------------------------------------------------

We investigated whether bacteria harbouring enzymes that synthesise polyamines from arginine are present in faeces, based on 16S rRNA gene sequencing data. On average, 35,115 usable sequence reads were obtained per faecal sample by using Ion PGM, a system for next-generation sequencing. The 2,400 OTUs detected in all samples were identified by RDP classifier as belonging to 48 genera (Table S3). All sequence data were deposited in the DDBJ sequence read archive database under accession number (DRA006802). Predictive functional gene profiling was performed by 16S rRNA gene sequencing using Piphillin, which utilizes 16S rRNA taxonomic information to predict functional attributes of microbial assemblages.^[30](#CIT0030)^ Analysis using Piphillin suggested the presence of multiple polyamine synthesis genes, including arginine deiminase (ADI), ornithine carbamoyltransferase (OTC), ornithine decarboxylase (ODC), arginine decarboxylase (ADC), agmatine ureohydrolase (AUH), agmatine deiminase (AgDI), putrescine carbamoyltransferase (PCT), N-carbamoyl putrescine amidase (NCP), S-adenosylmethionine carboxy-lyase (AdoMetDC), spermidine synthase (SPDS), and carboxyspermidine decarboxylase (CASDC), in the microbial communities ([Table 2](#T0002)). The results suggested that the microbiota in the rat intestine harbours enzymes that synthesise putrescine and spermidine from arginine.10.1080/19490976.2018.1494466-T0002Table 2.The polyamine biosynthetic genes predicted to be presence in microbiota of rat colonic content.EC No.KEGG orthologyReactionPredicted functional geneEnzymeAbundance (%)SpecimenEC:3.5.3.6K01478Arginine + H~2~O → Citrulline + NH~3~ADI2.94(3/3)EC:2.1.3.3K00611Citrulline + Phospate → Orn + Carbamoyl-POTC2.64(3/3)EC:4.1.1.17K01581Ornithine → Putrescine + CO~2~ODC0.81(3/3)EC:4.1.1.19K01584Arginine → Agmatine + CO~2~ADC0.97(3/3)EC:3.5.3.11K01480Agmatine + H~2~O → Putrescine + UreaAUH0.44(3/3)EC:3.5.3.12K10536Agmatine + H~2~O → N-carbamoyl-putrescine + NH~3~AgDI0.82(3/3)EC:2.1.3.6K13252N-carbamoyl-putrescine + Phospate → Putrescine + Carbamoyl-PPTC0.62(3/3)EC:3.5.1.53K12251N-carbamoyl-putrescine + H~2~O → Putrescine + CO~2~ + NH~3~NCP0.20(3/3)EC:4.1.1.50K01611S-adenosylmethionine → S-adenosylmethioninamine + CO~2~AdoMetDC7.14(3/3)EC:2.5.1.16K00797S-adenosylmethioninamine + Putrescine → 5ʹ-methylthioadenosine + SpermidineSPDS0.45(3/3)EC:1.5.1.43K13746Putrescine + Aspartate β-semialdehyde → CarboxyspermidineCASDSn.d.(0/3)EC:4.1.1.96K13747Carboxyspermidine → Spermidine+ CO~2~CASDC0.16(3/3)[^2]

Discussion {#S0003}
==========

Various substances in the intestinal lumen are produced as a result of the collective metabolic functions of the intestinal microbiome. For example, aspartic acid and serine produced by intestinal *Bifidobacterium longum* are metabolised by *E. coli* O157 to succinic acid and acetic acid,^[31](#CIT0031)^ respectively, and lactic acid produced by *Streptococcus faecalis* (currently reclassified as *Enterococcus*) was found to be metabolised to butyric acid by *Clostridium butyricum*.^[32](#CIT0032)^ Although these observations represent valuable contributions to the field, investigation of the metabolism in individual species is insufficient to explain the metabolism of the intestinal microbiome as a whole. In contrast, a previous experiment, in which intestinal bacteria in an *in vitro* model generated lactate, acetate, butyrate, formate, ethanol, and glycerol from isotope-labelled glucose, was sufficient to explain carbohydrate metabolism at the community level.^[33](#CIT0033)^ Taken together, these studies demonstrate the existence of collective metabolic pathways consisting of multiple pathways from different bacteria. We assume that most bacterial products in the intestinal lumen, which have physiological functions in the host, are produced via collective metabolic pathways at the community level, and not by a single species. Here, we demonstrated that intestinal luminal putrescine is produced by such a collective metabolic pathway. To the best of our knowledge, the present work is the first to use a stable isotope-labelled amino acid to trace metabolites produced by the intestinal microbiome as a community *in vitro* and *in vivo*. This approach demonstrated that the intestinal microbiome generates putrescine from arginine, in both faecal cultures and rat intestines injected with isotope-labelled arginine. In addition, several intermediate metabolites other than putrescine were labelled in the rat intestine, suggesting that putrescine is generated not via a single pathway, but rather via multiple parallel and simultaneous pathways. In particular, ornithine and citrulline, which were rapidly converted from arginine in faecal cultures and labelled in rat intestines, are key intermediates in multiple parallel and simultaneous pathways. Indeed, arginine was converted to ornithine and citrulline, and the total concentration of these intermediates was approximately equal to the concentration of supplemental arginine. Further, the rate of putrescine production was proportional to that of the disappearance of the intermediates citrulline and ornithine in the faecal cultures. Importantly, analysis of metabolic pools in the colonic lumen also suggests that these intermediates are released by intestinal bacteria to the extracellular space, or are generated by extracellular enzymes. Furthermore, in faecal culture supplemented with intermediates, putrescine production was increased compared to that in the control, suggesting that the extracellular intermediate was used to produce putrescine.

The main pathways by which ornithine is produced from arginine are the arginase or arginine deiminase pathways. The arginine deiminase pathway, which is the most widespread anaerobic route for arginine degradation, is common in intestinal commensal bacteria such as *Clostridium, Enterococcus, Lactococcus, Streptococcus*, and *Lactobacillus*.^[34](#CIT0034)--[38](#CIT0038)^ These genera were detected in the rat colonic lumen in this study, except for *Lactococcus*. In this pathway, arginine is initially hydrolysed to citrulline and NH~3~. Thereafter, citrulline is reacted with phosphate and converted to ornithine and carbamoyl-phosphate. Subsequently, carbamoyl-phosphate is catalysed to NH~3~ and CO~2~ to generate ATP, whereas ornithine is released ([Fig. 3a](#F0003)). Thus, the complete functional pathway requires not only arginine deiminase, but also ornithine carbamoyltransferase and carbamate kinase.^[39](#CIT0039)^ As this pathway is typically activated by depletion of an energy source,^[40](#CIT0040)^ it seems only natural that the pathway is active in the colonic lumen, an energy-deficient environment. Furthermore, several studies have reported that NH~3~ production via this pathway confers resistance to acid stress.^[41](#CIT0041),[42](#CIT0042)^ Indeed, a study in *Lactobacillus sakei* indicated that the pathway is sensitive to pH, *i.e*. that arginine depletion triggers conversion of citrulline to ornithine, between pH 5.0 and 6.0,^[42](#CIT0042)^ and a study in *Lactobacillus fermentum* indicated that the main product of the pathway is ornithine in low-pH conditions.^[43](#CIT0043)^ Accordingly, we observed a higher ratio of ornithine to citrulline at 4 h and 6 h, at which point faecal cultures had a lower pH. Taken together, these observations suggest that intestinal bacteria take up arginine and release ornithine via this pathway to acquire ATP, which confers resistance to acid stress and thereby maintains viability.

The released ornithine may then be used by other bacteria to produce putrescine. Indeed, putrescine levels gradually increased until 2 h, and after 4 h accumulated along with decreased ornithine levels in faecal cultures. This phenomenon suggests that ornithine was metabolised to putrescine by ornithine decarboxylase.

Alternatively, putrescine may be synthesised via agmatine, which is generated from arginine by arginine decarboxylase. In fact, the dominant species that colonise the human intestine have arginine decarboxylase,^[29](#CIT0029)^ which catalyses the conversion of arginine to agmatine and CO~2.~ Subsequently, agmatine may then be converted directly into putrescine and urea by agmatine ureohydrolase, or indirectly to *N*-carbamoylputrescine, through agmatine deiminase and subsequently into putrescine by putrescine carbamoyltransferase or n-carbamoyl putrescine amidase. We found that species that take up extracellular agmatine and subsequently release putrescine must also be present in the intestinal microbiome, as putrescine was significantly increased in faecal cultures supplemented with agmatine. In contrast, agmatine did not accumulate in faecal cultures supplemented with arginine. Additionally, isotope-labelled agmatine was detected in colonic contents from only one of three rats treated with isotope-labelled arginine, suggesting that agmatine in the extracellular space was rapidly utilised or released only in small amounts.

Putrescine was also significantly increased in faecal cultures supplemented with citrulline. To the best of our knowledge, no published reports have indicated that putrescine is produced from citrulline directly, with the exception of a somewhat dated report suggesting that *E. coli* decarboxylates citrulline to carbamoyl-putrescine.^[44](#CIT0044)^ Thus, it is likely that putrescine is not produced from citrulline directly, but rather indirectly via ornithine.

Spermidine was also detected in colonic contents, suggesting that putrescine can be used to produce spermidine. It has been proposed that spermidine is synthesised by spermidine synthase or via carboxy-spermidine. Predictive functional gene profiling based on 16S rRNA gene sequencing data could predict the presence of AdoMetDC, SPDS, and CASDC, but not CASDS. Therefore, it appears that the pathway via spermidine synthase is the primary pathway in the rat intestinal microbiome. The reason why CASDS could not be detected might be that the number of bacteria having CASDS was relatively small; this point should be considered in a future study. Interestingly, isotope-labelled spermidine was detected only in the colonic contents, and not in faecal cultures. Hence, it is possible that spermidine is not released in faecal cultures, or rapidly utilised. Further investigations are required to clarify this point.

Notably, arginine (M + 9 and + 7), citrulline (M + 7), ornithine (M + 5, + 6, and + 7), and putrescine (M + 5) were detected in rats, even though these metabolites are not produced by the forward linear pathways of arginine deiminase, ornithine decarboxylase, or arginine decarboxylase. This result suggests that arginine (M + 9 and + 7) was produced from citrulline (M + 9 and + 7) via the reverse pathway; for example, by argininosuccinate synthetase and argininosuccinate lyase. The data also indicate that citrulline (M + 7) was produced from ornithine (M + 7) by ornithine carbamoyltransferase, a bidirectional enzyme, suggesting that reverse metabolic pathways are also driven by exchange of metabolites between species. In contrast, putrescine (M + 5) may be produced from ornithine (M + 5 or + 6), which may, in turn, be produced by replacement of labelled amino groups with non-labelled amino groups via enzymes such as ornithine aminotransferase. This phenomenon provides insight into the level of complexity in collective biosynthetic pathways at the community level.

Conclusions {#S0004}
===========

The results demonstrate that, in the colonic lumen, putrescine is produced from arginine via several extracellular intermediates and a collective biosynthetic pathway, consisting of multiple pathways catalysed by enzymes derived from multiple bacterial species. Additionally, we demonstrated that this collective biosynthetic pathway depends on a complex exchange of metabolites released into the colonic lumen.

Our findings provide the knowledge to manipulate levels of intestinal microbial products that may modulate host health, including the level of polyamines, which we investigated as a representative case.

Methods {#S0004-S2001}
-------

### Animals {#S0004-S2001-S3001}

Male Crl:CD (SD) rats (eight weeks of age) were purchased from Charles River Laboratories Japan, Inc. (Kanagawa, Japan). Animals were housed individually in 263 × 420 × 20 mm plastic cages (Clea Japan, Inc., Tokyo, Japan) under a 12 h light/dark cycle at 25 ± 1°C in conventional conditions, and provided standard pellet chow and water *ad libitum*. Faeces were collected for microbiological culture. For collection of colonic contents, eight-week-old male SD rats fitted with proximal colon catheters were purchased from Charles River Laboratories Japan, Inc., acclimated for one week in the animal facility, and maintained in the same conditions as described above. This study was conducted in accordance with protocols approved by the Kyodo Milk Animal Use Committee (Permit Number: 2012--02).

### Isotope-labelled arginine {#S0004-S2001-S3002}

L-Arg-^13^C~6~,^15^N~4~ 1･HCl with atomic purity \> 98% was purchased from Sigma-Aldrich (St. Louis, MO, USA), solubilised in saline, and neutralised to pH 7.0.

### Faecal cultures in the presence of arginine or isotope-labelled arginine {#S0004-S2001-S3003}

Fresh faecal samples from rats were diluted 5-fold with Dulbecco's phosphate-buffered saline (D-PBS) containing 1 mM arginine or isotope-labelled arginine, and cultured anaerobically at 37°C. Samples of the aqueous fraction were collected at 0, 1, 2, 4, 6, and 12 h, and centrifuged for 5 min at 10,000 × *g* and 4°C; under these conditions, bacterial cell walls remained intact. The resulting supernatant from faecal cultures with arginine was collected and analysed by UPLC to determine the concentration of polyamines and biosynthetic intermediates. The resulting supernatant from faecal cultures with isotope-labelled arginine was analysed by GC-MS to determine the concentration of polyamines, as well as the amount of isotope incorporated in polyamines.

### Gc-ms {#S0004-S2001-S3004}

The supernatant of faecal cultures grown with isotope-labelled arginine was mixed with an equal volume of 20% trichloroacetic acid, and incubated on ice for 20 min to precipitate proteins. The sample was then clarified by centrifugation for 10 min at 15,000 × *g* and 4 °C, and 500 µL of the resulting supernatant was supplemented with 10 µL of 0.01% 1,6-diaminohexane as an internal standard. Subsequently, the mixture was extracted by vortexing for 1 min in 2 mL of diethyl ether. The emulsion was then fractionated by centrifugation at 15,000 × *g* for 5 min at 4°C, and the ether layer containing lipids, carbohydrates, and other potential contaminants was discarded. The aqueous layer was extracted in the same manner one additional time, derivatised using ethylchloroformate and trifluoroacetic acid anhydride, and analysed by GC-MS (GCMS-QP2010, Shimadzu Co., Kyoto, Japan), as previously described.^[45](#CIT0045)^ Fragment ions were monitored in selected ion monitoring mode, and ions with *m/z* + 355, + 480, and + 609 were used as basis fragments for putrescine, spermidine, and spermine, respectively. Extraction and derivatisation rates were standardised using 1,6-diaminohexane, and metabolites were quantified using the corresponding external calibration curves.

### Uplc {#S0004-S2001-S3005}

The supernatant from faecal cultures was heated in a boiling water bath for 2 min to precipitate proteins, which were then removed by centrifugation at 15,000 × *g* for 10 min at 4°C. The resulting supernatant was derivatised with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (Synchem UG & Co., KG Altenburg, Germany). Putrescine, spermidine, spermine, arginine, ornithine, citrulline, and agmatine were identified and quantified on an ACQUITY UPLC system coupled to a fluorescence spectrophotometer (Waters Co., Ltd., Milford, USA). Chromatographic phases and parameters were used as described previously,^[46](#CIT0046)^ with some key modifications. In particular, samples were eluted at 0.4 mL/min and in mobile phases consisting of 140 mM sodium acetate and 5.6 mM triethylamine, pH 4.62, in 50% phosphoric acid (solvent A) and 100% acetonitrile (solvent B). Samples (4 μL) were applied onto a 1.7-μm BEH C18 reversed-phase column (Waters) and eluted at 65°C along a linear gradient from 4% to 8% B until 4 min, from 8% to 35% B until 13.5 min, from 35% to 60% B until 13.75 min, and at 60% B until 14.5 min. Elution was monitored at an excitation wavelength of 250 nm and emission wavelength of 395 nm.

### Detection of isotope-labelled metabolites in colonic contents {#S0004-S2001-S3006}

L-Arg-^13^C~6~,^15^N~4~ · 1 HCl in saline pH 7.0 was injected into rats (n = 3) via a colon catheter at 6.6 mg/kg body weight. Rats were euthanised 6 h post-injection, and the contents of the colon were collected, diluted 5-fold with D-PBS, and extracted three times by vigorous mixing for 1 min, followed by a 5-min incubation on ice. Samples were centrifuged as described at 10,000 *× g* for 5 min at 4°C, and the upper aqueous layer was collected along with pelleted cells. The pellet was used for DNA extraction. Next, 200 μL of the supernatant was filtered at 9,100 *× g* and 4°C through an Ultrafree-MC centrifugal filter with molecular weight cut-off 5 kDa (Millipore Co., Ltd., Burlington, MA, USA) to remove proteins. The filtrate was stored at −80°C until analysis by CE-TOF MS at Human Metabolome Technology Inc., Tsuruoka, Japan, as described previously.^[27](#CIT0027)^

### Composition of intestinal bacteria and predictive functional gene profiling {#S0004-S2001-S3007}

Cells collected as described were washed twice in 1 mL of D-PBS, and bacterial DNA was isolated using a modified version of previously described methods.^[47](#CIT0047)^ The V1-V2 region of 16S rRNA was amplified using previously described primers^[48](#CIT0048)^ (Table S4). Targets were amplified on a gradient thermocycler using 22.5 μL of Platinum PCR SuperMix (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 0.25 μL of each primer (10 μM), and 2 μL of DNA template diluted 10 fold. Reactions consisted of initial denaturation at 94°C for 3 min, followed by 25 cycles of denaturation at 94°C for 30 s, annealing at 53°C for 30 s, and extension at 68°C for 30 s. PCR products were purified by PureLinK Quick PCR Purification Kit (Thermo Fisher Scientific), and quantified on a BioAnalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). Samples were pooled at approximately equal concentrations, and fragments with a size of approximately 400 bp were purified using the FastGene Gel/PCR Extraction Kit (Nippon Genetics Co., Ltd., Tokyo, Japan) and quantified on a BioAnalyzer. Amplicons were processed by emulsion PCR using the Ion OneTouch 400 Template Kit (Thermo Fisher Scientific) and OneTouch ES instrumenta (Thermo Fisher Scientific), in accordance with the manufacturer's protocol. Pooled libraries were sequenced on an Ion PGM system (Thermo Fisher Scientific) and a 318 chip. Sequence data were obtained in fastq format and analysed using Qiime software.^[49](#CIT0049)^ Raw sequences were sorted via barcode, and screened for quality (average quality score ≥ 20) and correctness of primer sequence. The trimmed sequences were clustered into OTUs at the level of 97% similarity using the uclust method^[50](#CIT0050)^ and the farthest neighbour algorithm. The most abundant sequences in each OTU were selected as representative of the OTU. The representative sequences were aligned using the PyNAST algorithm.^[51](#CIT0051)^ The aligned sequences were checked for potentially chimeric sequences using the ChimeraSlayer algorithm. Non-chimeric sequences were assigned taxonomy by RDP classifier with a confidence cutoff value of. 80^[52](#CIT0052)^ Predictive functional gene profiling was based on 16S rRNA gene sequencing data using Piphillin (<http://www.secondgenome.com/solutions/resources/data-analysis-tools/piphillin/>) with a confidence cutoff value of 97.

### Faecal culture with putrescine precursors {#S0004-S2001-S3008}

Fresh faecal samples were collected from rats (n = 7), diluted 5-fold in D-PBS supplemented with 1 mM ornithine, citrulline, or agmatine, and cultured anaerobically at 37°C. The aqueous fraction was collected at 6 h, cleared by centrifugation at 10,000 × *g* for 5 min at 4°C, and analysed by UPLC as described.

### Statistical analysis {#S0004-S2001-S3009}

Data were analysed using IBM SPSS Statistics for Windows version 22 (IBM Corp., Amonk, NY, USA), and results were considered statistically significant at *p *\< 0.05.
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###### Supplemental Material

[^1]: Values are represent as mean ± SE, n = 3. Values in parentheses represent the number of colonic content samples in which the compounds were detected/the number of colonic content samples examined. ND, not detected; NC, not calculated.

[^2]: The functional genes which were predicted to be present in microbiome of colonic contents by Piphillin. Abundance (%), which was calculated as the ratio of OTUs predicted to have the gene to all OTUs. Values in parentheses represent the number of specimens in which the genes were detected/the number of specimens examined. ADI, arginine deiminase; OTC, ornithine carbamoyltransferase; ODC, ornithine decarboxylase; ADC, arginine decarboxylase; AUH, agmatin ureohydrolase; AgDI, agmatine deiminase; PTC, putrescine carbamoyltransferase; NCP, N-carbamoyl putrescine amidase; AdoMetDC, S-adenosylmethioninedecarboxylase; SPDS, spermidine synthase; CASDS, carboxyspermidine synthase; CASDC, carboxyspermidine decarboxylase.
